An investigation was carried out for swirling flow in a rotating pipe with highly viscous fluid containing micro-bubbles experimentally and numerically. In the numerical analysis, bubble trajectory of each bubble was calculated using resultant numerical flow field solutions. From experimental results, with an aid of the numerical simulation, data were obtained for the location of a stagnation point, which moves towards the inlet region as swirl ratio being increased. It was found that the position of the stagnation point had a particular convergence value in relation with Reynolds number and types of the rotating channel. In the bubble behavior, big bubbles fall into the stagnation point, and that the parabolic surface is formed by some smaller bubbles. Critical diameter of bubble, which was to be caught at the stagnation point, was also obtained numerically for the model rotating channels.
Introduction
Flows containing dispersed micro-bubbles are often seen in the fields of fluid engineering. In particular, the flow with micro-bubbles in a highly viscous fluid such as an ink or a biological fluid may cause harmful effects in industrial products or a biological function so that, in industry or medical science, the elimination of bubbles in a fluid system is strongly required. In order to achieve the demand of such bubble extracting system, it is necessary to conduct a basic research for behavior of bubbles and to predict causes of problems. There have been some studies of the elimination of bubbles using a cyclone configuration (1) , (2) , and also some general works on two-phase flows in a rotating pipe configuration (3) . Although these researches deal with overall characteristics of the twophase flows in a rotating configuration, no details have yet been reported for the behavior of an individual bubble in such a flow field in a rotating system. Particularly there are very few reports available in literature, concerning the situation where bubbles enter a rotating pipe from a stationary pipe.
In the present study, a basic research was conducted to investigate hydrodynamical behavior of dispersed micro-bubbles mixed in a high viscous liquid in view of new types of bubble extracting systems. Particularly in the present study, four different rotating flow configurations were considered; basically two types of rotating section with abrupt expanded pipe and abrupt expanded-contracted pipe; for each of which two different geometric configurations are considered. Experiments were carried out for glycerin-water solutions with microbubbles of diameters in the range of 10 -1 000 µm (nominal size is 150 µm). In the present investigation, bubble behavior associated with the flow pattern, when the fluid enters a rotating pipe section from a stationary pipe and leaves from a stationary pipe attached downstream from the rotating pipe section, is examined in the horizontally set apparatus. Also, the bubble dynamics in the rotating flow field is considered with an aid of numerical analysis in order to verify the experimental observation. Figure 1 shows schematic diagram of experimental apparatus. Experiments were conducted by replacing test section (5) with different geometric configuration channels, which are explained in details lately. The experimental apparatus consisted of a micro-bubble generating system and the main circulation loop, together with the rotating pipe section; the test section for experiments.
Experiment Apparatus and Process
As shown in Fig. 1 , micro-bubbles generated in the micro-bubble generating system are contained in a reservoir tank (2) of 40 liters, and are circulated to the main circulation loop by main circulation pump (3) . The test fluid enters the rotating pipe section (5) through the stationary transparent inlet pipe section (4) with diameter 
The test fluid, which is given the swirl motion by an effect of the pipe rotation, then enters the stationary outlet section (6) and leaves to circulate in the main circulation loop. The details of the test section is shown in the Fig. 2 . E is the expansion ratio which is defined as E = D 2 /D 1 and A is the aspect ratio of the rotating section which is defined as A = 2L ω /D 2 .
Monitoring of test fluid with containing microbubbles was achieved by a CCD (Charge Coupled Device) camera, which magnifies images of the fluid in a transparent sampling container and sends to an image processor. Test fluid with dispersed micro-bubbles was prepared using base fluid as glycerin/water solution of 92wt%. In Table 1, properties of test fluids are listed. Micro-bubbles, which were generated by the bubble-generating nozzle and dispersed into the base fluid, have size distribution ranging from 10 to 1 000 µm. The nominal size (which is the simple mean size in the distribution of bubbles when they were dispersed in the base fluids) was 150 µm. Prior to experiments the viscosity of the test fluid was measured by a commercial cone-plate rheometer.
It was seen that the viscosity of the test fluid (with bubbles) at a representative temperature 24
• C was almost the same (µ = 0.241 Pa·s) as that of the base fluid (µ = 0.240 Pa·s), indicating that the influence of microbubbles dispersed in the test fluid is minimal against the basic properties of the base fluid since the volumetric concentration of bubbles in the test fluid are so small as below 0.2% (Table 1) , which can be regarded as dispersed micro-bubbly system. Therefore, it is noted here that, in the representative non-dimensional parameters (which will be defined and described later to be used in dealing with the dispersed micro-bubbly flow), the properties of the base fluid are used without causing any substantial differences. The series of experiments were conducted by varying flow rate of the test fluid and altering the rotating speed of the rotating pipe section. Experimental conditions cover the following range of non-dimensional parameters; 4 ≤ Re ≤ 10 and 0 ≤ Ω ≤ 500, where, Re the axial velocity Reynolds number and Ω the swirl ratio, as defined by
is the average flow velocity at the stationary inlet pipe, U ave2 is the average flow velocity at the rotationally pipe section, and ω is the angular velocity of the rotating pipe section. The experimental temperature was set at 24
• C. However, ±0.5
• C variation of the temperature was inevitable during the experiment, which could affect the fluid properties with an approximate error of up to ±3.5%. The errors involved in the experiment were approximately ±1.0% for rotational speed measurement of the rotating pipe section, ±3.5% for the measurement of the volumetric flow rate, and ±2% for determination of the position of the stagnation point. Particularly in determination of the position of the stagnation point, it is noted that the error comes from manual reading from visualization images, which involve the scale error of images and the reading error, yielding approximately maximum ±2% measurement error after all. The representative value used in the present study was the simple mean value of 10 repeated reading for one condition, and consequently as described the nominal error was represented ±2% for the position of the stagnation point, although the maximum deviation of each reading data was below ±2% for the mean value.
Numerical Analysis
In the present study, a fundamental approach of the numerical analysis is that the motion of a bubble is calculated by solving its equation of motion in the known flow field, which is obtained for the rotating pipe situation by numerical analysis, neglecting the mutual interaction between the dynamical motion of the bubble and the flow field (4) , (5) . This was thought by the reason that bubbles in fluid are minute and highly dispersed, and resultantly the rheological characteristic of two-phase flow is almost the same as the base fluid (as indicated in Table 1), so that in investigating individual bubble dynamics the bulk fluid can be treated as simple Newtonian single phase flow. Flow is assumed to be incompressible, laminar flow, isothermal, and without the body force. The equations governing the flow field are as follows:
where Eq. (1) In rotating axi-symmetric system, the system of the Eq. (1) to Eq. (4) can be written by the stream function φ, the vorticity ζ and the angular velocity function Γ for the numerical calculation, together with the definition of the velocity components in the cylindrical coordinate system (r,θ,z), where r is the radial coordinate, θ the azimuthally angle and z the axial coordinate.
The dynamical behavior of a bubble was obtained by solving the equation of motion as follows, assuming that the flow field u is not affected by the existence of bubbles:
where F 1 is the buoyancy force, F 2 the viscous friction force, F 3 the pressure driving force, F 4 the virtual mass force, F 5 the lift force, and V b the volume of a bubble. It is noted here that the motion of bubble may be affected by the history of bubble trajectory itself. In order to verify the effect of bubble history the Basset force (6) was estimated for the model2-1 case, as representative case, under the same condition. From result of the comparison, i.e. with the Basset force and without the Basset force, it was shown that the difference of numerical solution, such as the position of converged bubble trajectory, was within 3%. Therefore, in the present study the term for the effect of bubble history was disregarded. The drag coefficient C D is given as follows (7) ,
The size of the mesh. ∆r 
where Re b is the bubble Reynolds number and is given by
C a = 0.5 for the spherical bubble is assumed here) (8) . The lift coefficient C L was determined by using values reported from Clift (9) as follows,
where σ is defined the ratio between the surface speed ω d of rotating bubble and the relative velocity |u b − u| of rotating bubble, as σ = ω d/2|u b − u|, where ω is angular velocity of rotation of bubble and d the diameter of bubble.
The finite difference equations for Eq. (1) to Eq. (4) were formulated with a finite difference of second-order accuracy in space, and the time marching procedure (explicit Euler method) was used to solve the transient equations. In the present numerical analysis of CFD, in r direction 41 nodes for all geometric models and in z direction 691 for model-1, 891 nodes for model1-2, and 781 nodes for model2-1 and 981 nodes for model2-2 were used. In Fig. 3 , representative mesh systems of the model2 channels were displayed. It is noted that for sake of clearly clearity only limited number of nodes were displayed in Fig. 3 . It was verified that the mesh configuration described above was the optimum where further increase of number of nodes did not yield substantial improvement of precision.
For example, the mesh system (82 × 1 125 nodes for model2-1) made only 1% difference for a representative value (such as the position of the stagnation point). The 
Result and Discussion

1 Profiles of flow field
In order to verify and to understand flow phenomena occurring at rotating test sections typical visualization result is displayed in Fig. 4 , where Fig. 4 represents the abrupt expansion pipe section (model1-1). As seen in Fig. 4 for abrupt expansion pipe section; (a) for visualization results and (b) for schematic diagram, there are five regions in the flow field; (1) the micro-bubble inflow region, where dispersed bubble inflows from a stationary pipe section; (2) the front corner vortex region, which is appears in vicinity of the entrance of the channel corner; (3) the stagnation point region (the air-pocket region), where bubbles are fused together as some bubbles fall in; (4) the parabolic surface region, which will be described in the details shortly; and (5) the inner parabolic surface region where the circulation zone exist with flow reversal on the axis of rotation. The growth rate of the air-pocket at the stagnation point is very slow, since the population of large bubbles (such as d > 2 mm) is as low as approximately 1% to the whole bubble distribution number.
From the visual observation, the following explanations are given for the structures. In the micro-bubble inflow region, micro-bubbles are in motion with the stream of fluid flow, in which the fluid contains much dispersed smaller-sized bubbles, and majority of bubbles are tend to gather in the core region along the center of rotation (axis of rotating pipe section) by the centrifugal force. The bubbles contained in the micro-bubble inflow region eventually forms the air-pocket at the stagnation point, where larger-sized bubbles are fell into, and the parabolic surface, where smaller-sized bubbles are trapped in orbits as evidently seen in Fig. 4 (a) . The parabolic surface, which can be observed from the flow visualization, has further detailed structure (this is also verified with the aid of the numerical simulation, which will be discussed in more detail lately). Smaller-sized bubbles flow along the parabolic surface in the micro-bubble inflow region, and on the outer parabolic surface larger-sized bubbles; there were very few in the original test fluid however, are aligned along the parabolic line. The parabolic line formed by these larger-sized bubbles in the two-dimensional axial plane is referred to as the parabolic surface hereafter. It was observed that these larger-sized bubbles are sometimes generated upstream in the micro-bubble inflow region by bubbles coalescing together; others were already present in the original fluid. It is further noted that the parabolic surface is formed by these bubbles, which are caught in a stationary orbit on the plane of cross-section of the rotating pipe section. In Fig. 4 the bubbles on the stationary orbit, rotating along the axis of rotation and forming the parabolic surface (which can be visualized by the alignment line of these bubbles), are clearly seen in Fig. 4 (a) . In the inner parabolic surface region the flow reversal persists and smaller-sized bubbles, which act as tracer particles, draw a spiral trace along the axis of rotation; this can be seen as wave pattern in Fig. 4 (a) .
In view of giving an insight for the formation of the flow field with micro-bubbles, as has showed in Fig. 4 , some representative results of flow patterns, purely hydrodynamics flow field without existence of micro-bubbles, and which was obtained from numerical analysis, are displayed in Fig. 5 ; (a) for model1 and (b) for model2 channels at representative conditions. As seen in Fig. 5 (a) , there are two vortex regions, i.e. front vortex region and rear vortex region at the inlet and outlet of the rotating section respectively. It should be mentioned that the circulation zone (flow reversal area) in Fig. 4 (b) implies to the rear vortex region in Fig. 5 (a) . The causes of generating two vortex regions are due to the sudden pressure gradient along the flow direction. On the contrary, at the outlet of the rotating section, the pressure increase (positive pressure gradient) is occurred at center of pipe, due to swirling flow entering to the stationary pipe section and being decelerated in axial direction, the rear vortex is generated at axis of the rotating pipe.
To characterize and to quantify the flow field, location of the stagnation point is measured experimentally and verified by the numerical analysis. It is noted that measured data were obtained from flows with micro-bubbles while by the numerical analysis purely hydrodynamic flow field calculation without existence of micro-bubbles was performed since, as has been already mentioned previously, the existence of micro-bubbles did not affect any physical properties substantially. The comparison, the quantitative comparison, between measured data and analytical results (the location of the stagnation point) gives credibility of the numerical analysis, and also gives correct flow fields for micro-bubble dynamics calculation to follow.
In Fig. 6 , (a) for model1 and (b) for model 2 (model1-1 and model1-2, and model2-1 and model2-2 are distinguished in each graph), the position of the stagnation point is plotted for the swirl ration Ω at various axial Reynolds numbers. It is noted that the axial position L * of the stagnation point is normalized by the total length L ω of the Fig. 6 , the tendency of experimental data and calculation results generally shows good agreement. However, there exists some difference between experimental and calculation result at Re = 4. The difference chiefly comes from difficulties of controlling small flow rate constant at such low Reynolds number, since the extremely small flow rate (at low Reynolds number) of the gear pump used in the experiment becomes unstable. It is further commented that the estimation of C a , C D and C L at very low Reynolds number also yields uncertain, so that the combined effects from experiment and calculation might have caused the difference at Fig. 6 (Re = 4 in particular). Each symbol and line is distinguished by its associated Reynolds number. As seen in Fig. 6 , for (a) and (b), generally at a lower axial Reynolds number, higher pipe revolution (relative to the axial speed of the flow) is required to shift the stagnation point upstream. On the other hand, with a higher axial Reynolds number, only a small swirl ratio Ω will be required to shift the stagnation point further to the left (upstream). This result is verified and found that decreasing gradient (the rate of shifting position L * in terms of Ω) becomes greater for higher axial Reynolds numbers. As seen in Fig. 6 (a) and (b) the numerical results are generally in good agreement with the experimental data, indicating that the flow field is not significantly affected by the existence of bubbles and the numerical analysis are credible. From the experimental results, which are verified by the numerical simulation, it is speculated that there should be a plateau of the location L * of the stagnation point for each axial
Reynolds number when Ω is further increased up to infinity. As seen in Fig. 6 (a) , the plateau is approximately 0.12, independent from the aspect ratio A (model1-1 and model1-2) and Reynolds numbers. Namely this fact shows that for the stagnation point, where fairly lager sizes of bubbles are fall in, can be determined as a fixed point on the rotational axis, when the rotation of the pipe section is increased higher. However, as shown in Fig. 6 (b) , there are different values of the plateau, depending upon the aspect ratio A (model2-1 and model2-2) and Reynolds numbers. The smaller aspect ratio A (short rotating pipe section) and higher Reynolds number resulted in causing the location of the stagnation point for the upstream from the center of the rotation pipe section L * = 0.5. This is due to the generation of the rear vortex in the flow field (as been seen in Fig. 5 (b) ) at the abrupt contraction part. The rear vortex effectively limits the location of the stagnation point. Thus, taking in account of an engineering application for a bubble extracting system channels with a simple abrupt expansion pipe would have advantage for collecting variety of bubble size in a fixed point, independent from Reynolds number and abrupt ratio when the rotational speed is set very high. It is further commented here that in realistic engineering applications it would be more appropriated to contract the model1 channel at far down stream to the diameter of the inlet pipe likewise the model2 channel. However, the case is rather out scope of the present study and it should be studied in future works.
2 Dynamic behavior of micro-bubbles
Based on the equation of motion of individual bubbles, behavior of a bubble is examined in order to show mechanism for forming the structure of bubble assembly obtained in the rotating pipe sections, as been shown in Fig. 7 , released at upstream positions, converged into the stagnation point. It was found that the minimum size of bubbles fell in the stagnation point, noting in the present study that this is termed and defined as the critical bubble diameter, is dependent on the geometric configurations and the dynamic conditions of the rotating sections. The detailed discussions on the critical bubble diameter will be discussed shortly. However, when the size of bubbles is reduced such as seen in Fig. 7 (b) d = 1.2 mm, the bubbles released at different radial positions at d = −0.2 are trapped in an orbit near the middle of the rotating pipe section, as seen in Fig. 7 (b) . That is, the bubble in a fixed closed orbit rotates in the r * -θ * plane. And thus, the bubbles of the size, 0.5 < d < 2.0 for the model2-1, form the parabolic surface as seen in the micro-bubble flow field (Fig. 4) . Downing the size of bubbles below, d = 0.5 mm (c) in Fig. 7 results in fractuating motion in r * -L * as indicated in Fig. 7 (c) . Those bubbles are confined in the circulation zone as previously indicated in Fig. 4 (b) . Finally bubbles having smaller diameters, such as shown in Fig. 7 (d) d < 0.1 mm, flow with the fluid stream and leave the rotating pipe section from the stationary outlet pipe, indicating that these smaller bubbles, which show the same particle path between the stream line of the fluid motion, can be treated as the tracer particle when further decreasing of their size is affected. As a reference to flow visualization with micro-bubbles, although they are often hydrogen bubbles (10) , (11) , the maximum size of bubbles (air-bubbles in the present study), which flow along the stream line within ±1 per cent of deviation, would be approximately d max = 0.05 mm for either cases of channel geometries in the present calculation.
In view of considering the bubble extracting system it is particularly important to consider the minimum possible size to be extracted in the present rotating pipe system. Focusing on this point, finally in Fig. 8 the critical bubble diameter obtained in the present numerical analysis is displayed. In Fig. 8 (a) and (b) the critical bubble diameter d c is plotted for variation of pipe rotation ω. Two representative Reynolds numbers, Re = 4 and Re = 10, are considered. As seen in Fig. 8 (b) commonly, higher revolution speed of pipe rotation is required to collect smaller size of bubbles for bubbly flow with micro-bubbles at higher Reynolds number, such as Re = 10. However an increase of ω results in d c approaching a plateau, irrespective of Reynolds number and only dependent upon the aspect ratio A (model2-1 and model2-2), as seen in Fig. 8 (b) . Similarly in Fig. 8 (a) the critical bubble diameter is depicted for model1-1 and model1-2 at Re = 4 and Re = 10. There are substantial difference between Fig. 8 (a) and (b), due to the abrupt contracted part in the rotating pipe section. The larger difference between Fig. 8 (a) and (b) can be seen as follows that there is the s-shape curve characteristic for model1 channel (without the abrupt contraction part) and this trend for model1 channel, Fig. 8 (a) , is more significant for smaller aspect rotating pipe section of model1-1 for increasing. The cause of this difference is chiefly due to the development of the rear vortex in model1 ( Fig. 5 (a) ). In development of the rear vortex for increasing ω in model1-1, pressure gradient become larger than that in model2-1, and resultantly resistance force which bubbles received increases. Therefore, it is considered that the increment of resistance force becomes larger by higher pressure gradient for increasing ω, so that d c increases. The dependence on Reynolds number for d c in case of model1 ( Fig. 8 (a) ) seems farley large at lower ω, although the magnitude of difference for model1-2 is small. The chief difference between Fig. 8 (a) and (b) is found to be the terminal values of d c for higher ω, i.e. there are plateaus in model2 (Fig. 8 (b) ) while d c tends to increases as ω becomes higher in model1 (Fig. 8 (a) ). The critical bubble diameter as the plateau is approximately 0.7 mm for model2-1 and 0.4 mm for model 2-2 at higher rotational speeds. Thus, it is finally mentioned that for collecting smaller bubbles channels with the abrupt expansioncontraction are more appropriate than a simple abrupt expansion pipe in engineering application. However, on the other hand channels with the abrupt expansion-contraction would have advantage for collecting variety of bubble size by adjusting Reynolds number, aspect ratio and rotating speed.
Conclusions
From results of experiment and numerical simulation the following conclusions were obtained for two basically different channel geometries (model1 and model2).
( 1 ) The flow state appearing in the rotating pipe section has basically five regions, the micro-bubble inflow region, the front corner vortex region, the stagnation point region (the air-pocket region), the parabolic surface region and the circulation region.
( 2 ) Dynamic behavior of bubbles was obtained from experimental observations and by numerical results of bubble dynamics calculation. The parabolic surface is the one where bubbles with middle size are trapped in orbit of r * -θ * plane. Bubbles with larger size are fallen in the stagnation point and grow, forming the air-pocket. ( 3 ) From experimental results, with an aid of the numerical simulation, data were obtained for the location of stagnation point, which moves towards the inlet region as swirl ratio is increase. The position of the stagnation point had a particular convergence value in relation with Reynolds number and types of the rotating channel.
( 4 ) There exists the critical bubbles diameter, which gives the minimum possible bubble size for bubbles falling into the stagnation point. The critical bubble diameter is dependent upon the geometric configuration of rotating pipe section, Reynolds number and pipe rotational speed. The critical bubble diameter trends to have unique plateau at higher rotational speed, independent from Reynolds number for model2 channel, while for model1 channel the critical bubble diameter trends to increase as the pipe rotational speed is increased.
